The density of Bifidobacterium spp., fecal coliforms, Escherichia coli, and total anaerobic bacteria, acridine orange direct counts, percentages of total bacterial community activity and respiration, and 12 physical and chemical parameters were measured simultaneously at six sites for 12 months in the Mameyes River rain forest watershed, Puerto Rico. The densities of all bacteria were higher than those reported for uncontaminated temperate rivers, even though other water quality parameters would indicate that all uncontaminated sites were oligotrophic. The highest densities for all indicator bacteria were at the site receiving sewage effluent; however, the highest elevation site in the watershed had the next highest densities. Correlations between bacterial densities, nitrates, temperature, phosphates, and total phosphorus indicated that all viable counts were related to nutrient levels, regardless of the site sampled. In situ diffusion chamber studies at two different sites indicated that E. coli could survive, remain physiologically active, and regrow at rates that were dependent on nutrient levels of the ambient waters. Bifidobacterium adolescentis did not survive at either site but did show different rates of decline and physiological activity at the two sites. Bifidobacteria show promise as a better indicator of recent fecal contamination in tropical freshwaters than E. coli or fecal coliforms, however, the YN-6 medium did not prove to be effective for enumeration of bifidobacteria. The coliform maximum contaminant levels for assessing water usability for drinking and recreation appear to be unworkable in tropical freshwaters.
an excellent candidate as an alternative indicator of fecal contamination (9, 28) . It is found in the gut of all humans within the first 6 days of neonatal life (24, 27) . It also is one of the dominant anaerobes in the gut of humans, typically reaching densities greater than 1010 cells per g of feces. Since bifidobacteria are also obligate anaerobes, they are incapable of surviving in the oxygenated extraenteral environment. A recently developed medium was reported to allow rapid and accurate enumeration of bifidobacteria from environmental samples (28) . Thus, it would seem that bifidobacteria would fit all criteria for a good indicator bacterium as described by Bonde (4) . The present study examines the distribution, density, and in situ survival of E. coli and Bifidobacterium spp. in a tropical rain forest watershed in Puerto Rico.
MATERIALS AND METHODS
Study site. The Mameyes river watershed is on the northeast corner of the island of Puerto Rico, lat. 18°15' N and long. 65°45' W ( Fig. 1) . This watershed has a drainage area of 27.3 km2 and a total length of 17.1 km (14) . Annual average precipitation in the upper third ofthe watershed is 395 cm. This area is classified as a cloud rain forest and is protected as part of the Luquillo Experimental Forest, U.S. Forest. The middle third of the watershed is dominated by agricultural land and several housing projects that dump their sewage into the Mameyes River. The lower third of the watershed is dominated by two small towns which contribute municipal, domestic, and light industry wastes to the river. The Mameyes River empties into the Atlantic Ocean near the largest public beach in Puerto Rico, Luquillo. Average daily attendance at Luquillo Beach exceeds 1,000 persons, with holiday crowds sometimes exceeding 10 ,000. Samples were taken from 6 of 12 sites previously established and characterized in detail by Hazen and Aranda (14) . These sites 10, 20, 50 , and 100 ml were filtered in triplicate with 0.45-p.m (pore size), 47-mm-diameter type GN-6 membrane filters (Gelman Instrument Co., Ann Arbor, Mich.). The 1-ml sample was diluted with filter-sterilized phosphate-buffered saline (pH 7) to give better spread on the filter. Each filter was then placed on YN-6 medium (28) in 47-mm, tight-fitting petri plates. YN-6 is a differential, selective medium for Bifidobacterium spp. All media preparation, incubation, and enumeration was as described by Resnick and Levin (28) . A hot pin was used to put several holes in the cover of each petri dish to allow gas exchange. The plates were incubated at 37°C for 48 h under anaerobic conditions in BBL GasPak jars (BBL Microbiology Systems, Cockeysville, Md.). After incubation, colonies that were 1 to 2 mm in diameter, green, circular, smooth, and butyrous were considered presumptive Bifidobacterium spp. Confirmation was based on grampositive, bifid rod-shaped morphology, i.e., colonies were noncatalase producing, nonnitrate reducing, nonmotile, and able to ferment lactose without gas production. Species identification was confirmed by measuring amounts of acetic and lactic acid produced as by-products of glucose fermentation by gas chromatography (17) . A model 3920 TCD gas chromatograph (The Perkin-Elmer Corp., Norwalk, Conn.) fitted with a Chromosorb 1000 stainless steel column (Supelco, Belafonte, Pa.) was used for determining carbohydrate fermentation patterns. The following reference cultures, obtained directly from American Type Culture Collection, were used as controls: Bifidobacterium adolescentis ATCC 15703 and Bifidobacterium longum ATCC 15707.
Fecal coliform and E. coli counts were made from grab samples collected in 180-ml Whirl-Pak bags and transported to the laboratory on ice. Samples of 1, 10, and 100 ml were filtered, with the 1-ml sample diluted with phosphatebuffered saline as before. Filtration was with 0.7-pum (pore size), 47-mm-diameter type HC membrane filters (Millipore Corp., Bedford, Mass.). The filters were placed on mTEC medium (7) and incubated for 2 h at 35°C. After this period of resuscitation, the plates were incubated at 44.5°C for 20 h. After incubation, yellow, yellow-green, and yellow-brown colonies were recorded as fecal coliforms (26) . The countable filters were transferred to petri dishes with pads saturated with urea to test for urease production (7). After 15 min of incubation, all yellow colonies were counted as presumptive E. coli. Confirmation was with API 20E strips (Analytab Products, Plainview, N.Y.) and citrate utilization. A culture of E. coli ATCC 11775 was used as a control for all media and tests.
Total anaerobe counts were made by collecting subsurface water in 180-ml Whirl-Pak bags and transporting them at ambient temperature to the laboratory for analysis. Samples were diluted to 10 ml with anaerobic salt solution as described previously (6) to give effective concentrations of 10-5, 10-3, 10-2, 10-1, and 1 ml. Diluted samples were filtered through 0.45-,um (pore size), 47-mm-diameter type HA membrane filters (Millipore), placed on supplemented anaerobic brain heart infusion agar (BBL), and incubated at 25°C for 24 h, followed by incubation at 35°C for another 24 h. All incubations were under anaerobic conditions with BBL GasPaks, as described by Daily et al. (6) .
Cell activity, respiration, and total direct counts were determined by acridine orange direct counting (AODC) and the respiring count technique of Zimmerman et al. (34) . The final bacteria suspension was placed into a sterile diffusion chamber just before immersion at the study site. The chamber had a capacity of 100 ml and a total diffusion surface area of 16,515 mm2, both of which are modifications (3, 15) of the MSU-DME chamber (22) . The diffusion surface for this study was created by a 0.2-mm (pore size), 142-mmdiameter, nylon-reinforced Versapor membrane filter (Gelman Instrument Co.).
Four chambers for each bacteria studied were suspended 0.5 m below the surface at sites 1 and 4 ( Fig. 1 ). Samples (1 ml) were taken with a sterile syringe from each chamber at regular intervals for 72 h. Half of each sample was immediately fixed in 10% phosphate-buffered Formalin (pH 7) and refrigerated for later reading with the Coulter Counter, as described by Hazen and Esch (15) . The other 0.5 ml was incubated with INT in the dark for 30 min at the in situ temperature and then fixed with formaldehyde as described above. Later, these samples were enumerated for percent activity, percent respiration, and AODC as described above.
Data analysis. Programs developed on Apple II Plus and IBM 370-148 computers were used for all statistical tests. Two-factor analysis of variance was used to test differences between sites and times. Multiple correlation and regression were used to determine relationships between densities of bacteria and water quality parameters. Heteroscedastic data as determined by skew and kurtosis were made more homoscedastic by transformation with log (x + 1). Any statistical probability greater than or equal to 0.05 was considered significant (33 Water temperature, air temperature, and conductivity were lowest at site 1 and increased up to site 9. Sites 4, 5, and 9 had high values for alkalinity and hardness. Site 5 had the highest pH, whereas sites 1 and 3 had the lowest pH. Site 9 had the lowest concentration of dissolved oxygen and chlorophyll a but was high in phosphates, total phosphorus, nitrates plus nitrites, and sulfates. Site 9 receives effluent directly from a primary sewage treatment plant and thus was the most polluted, as indicated by water quality (Table 1) . Site 1 had higher nitrates plus nitrites, phosphates, sulfates, and chlorophyll a concentrations than the sites immediately below it in the watershed. Other studies by our laboratory (C. F. Aranda, M.S. thesis, University of Puerto Rico, Rio Piedras, 1982) have shown that incident radiation is higher at site 1 due to a less well-developed forest canopy. Bacteria distribution and abundance. The highest densities of fecal coliforms, E. coli, and Bifidobacterium spp. were found at site 9, the sewage point source (Table 2 ). However, site 1 had significantly higher densities for each of these bacteria than the sites below it in the watershed, except for site 9. In addition, site 1 had the highest density of total anaerobes of any of the sites. The ratio of bifidobacteria to E. coli and the ratio of bifidobacteria to fecal coliform bacteria was significantly lower at site 9 than any of the other sites. The ratios of bifidobacteria to total anaerobic bacteria were not significantly different between sites. Direct counts of bacteria increased through the watershed, with site 1 having -J 'I-U u the lowest AODC and site 9 the highest. However, percent bacterial respiration as measured by INT was greatest at site 1 ( Table 1 ). Percent activity of the bacterial community was not significantly different between sites.
A total of 116 presumptive Bifidobacterium spp. colonies were isolated and analyzed; 105 (90.5%) were confirmed by morphological and biochemical tests. Gas chromatography was used to analyze 22 presumptive and biochemically confirmed isolates; 86.2% of these were confirmed by the gas chromatograph method. Thus, the YN-6 medium gave 21.8% false-positives. All 20 presumptive negative colonies tested were confirmed as negative; thus, YN-6 showed 0% falsenegatives. The Mameyes River watershed showed the following bifidobacteria species from the 105 isolates: B. adolescentis (88.9%), B. angulatum (5%), B. infantis (5%), and Bifidobacterium spp. (unknown) (1.1%).
Bacterial survival in situ. The density of E. coli as measured by the Coulter Counter increased significantly over time (F = 16.5, df = 10 and 21, P < 0.0001) but was not significantly different between sites (Fig. 2) . Densities of B. adolescentis, on the other hand, decreased significantly over time (F = 47.5, df = 10 and 21, P < 0.0001), and there were no significant differences between sites (Fig. 2) (Fig. 3) . Site 4 showed a much more rapid decrease in density of B. adolescentis over time than did site 1. Densities of B. adolescentis as measured by AODC also decreased significantly over time (F = 16.9, df = 10 and 21, P < 0.001) at both sites. The percent activity of the E. coli population in the chambers as measured by AODC was significantly greater at site 1 (F = 10.6, df = 1 and 21, P < 0.01); however, there were no significant differences over time due to the large variability (Fig. 4) . The percent activity of the B. adolescentis population was significantly greater at site 4 (F = 8.0, df = 1 and 21, P < 0.02), with no significant differences occurring over time (Fig. 4) . The percentage of the E. coli population that was respiring did not change significantly over time or by site. However, the proportion of the E. coli population that was respiring declined from 60 to <30% within the first 3 h in the chambers at both sites. Little change occurred after this, i.e., less than 10% over the remaining 69 h of the study. The B. adolescentis population did not show any significant respiration at either site during 12 24 Water quality and bacterial abundance. A multiple correlation analysis revealed that Bifidobacterium spp. were positively correlated with hardness, phosphates, and densities of fecal coliforms, E. coli, and total anaerobes (Table 3) . These same bacteria were negatively correlated with dissolved oxygen and pH. Fecal coliforms were correlated to the same parameters in the same way but were also positively correlated with water and air temperature, conductivity, alkalinity, hardness, nitrates plus nitrites, phosphates, and total phosphorus. Densities of E. coli and total anaerobes showed the same correlations with water quality as did fecal coliforms. AODC was positively correlated with alkalinity and density of fecal coliforms. (32) . Site 9 and site 1 were the only sites that were not low in nutrients, e.g., phosphates, total phosphorus, and nitrates plus nitrites. Site 9 was the point source for a primary sewage treatment plant effluent; thus, the eutrophic nature of this site is obvious. Wind action appears to be primarily responsible for this dwarfing, which also increases leaf fall rate (M. Byer, University of Puerto Rico, personal communication).
Torrential rainfalls (>10 cm h-1), which can cause the river level to change more than 2 m in less than an hour, are the principal cause of the low densities of resident flora and fauna and the lack of seasonality in all parameters (C. F. Aranda, M.S. thesis, University of Puerto Rico, Rio Piedras, 1982) . Temperature is quite constant throughout the year, and rainfall does not exhibit any consistent pattern in the area.
Bacteria distribution and abundance. The highest densities of fecal coliforms, E. coli, and Bifidobacterium spp. were recorded at site 9, the sewage outfall. In addition, the lowest ratios between bifidobacteria and fecal coliforms and between bifidobacteria and E. ccli were at site 9 fecal coliforms reported in this study were lower than those reported by Evison and James (8) for river samples taken in two countries in tropical Africa and much higher than those reported for river samples taken in England. In general, the site which received sewage effluent had densities of fecal coliforms and E. coli that were 2 orders of magnitude higher than uncontaminated sites. However, the densities of fecal coliforms and E. coli at all sites exceeded recommended coliform MCL for potable waters, i.e., 0.04 CFU ml-1 (10).
Site 9 also exceeded the recommended fecal coliform MCL for primary contact recreational waters, i.e., 2 CFU ml-' (5) .
Note that while the MCL is for total coliforms, our measurements were of fecal coliforms and E. coli. Both are considered subsets of total coliforms. Indeed, in this study and in previous studies, we have found that analyses for total coliforms are consistently overgrown at the dilutions used in this study. Lavoie (20) (21, 22, 30 (29) showed that bifidobacteria in the laboratory (held in filter-sterilized freshwater at 4, 12, and 20°C) declined more than 80% in cell density in only 24 h. The in situ conditions of the tropical rain forest river seem much more conducive to prolonging bifidobacteria survival. Site 1, which had higher nutrient levels (i.e., total phosphorus, phosphates, and nitrates plus nitrites), supported lower densities of E. coli but had higher rates of survival of B. adolescentis. Since nutrient levels and algal density were higher at site 1, the best possible explanation is that microbial antagonism was a major factor. It has been established that bifidobacteria and other anaerobes can inhibit E. coli (23, 27 Analysis of water quality and viable counts revealed correlations between viable counts of fecal coliforms and temperature, alkalinity, nitrates plus nitrites, and total phosphorus. Since these parameters are indirectly or directly sources of nutrients for these bacteria the relationship would seem to be one of cause and effect. Numerous other models have shown similar relationships (12, 13, 15, 16) . However, it is possible that sewage effluents, which are high in these same parameters and high in coliforms of fecal origin, could cause the observed correlations in the absence of a true cause-effect correlation. In this study, only site 9 had sewage input, and if this site were eliminated from the data matrix, the correlation matrix would not be significantly changed. Indeed, higher nutrients at site 1 resulted in higher densities of all viable counts in the absence of sewage. Thus, the primary regulator of densities of indicator bacteria in this tropical environment is probably the nutrient concentration of the water. The correlation between bifidobacteria and water hardness is explained by the work of Kojima et al. (19) , who found that calcium ions can be a significant growth factor for bifidobacteria in culture.
This study suggests that coliforms may not only survive but become normal flora in tropical freshwater environments. Certainly coliforms would seem to be poor indicators of recent human fecal contamination, according to the criteria of Bonde (4) . These findings raise serious doubts as to the efficacy of coliform MCL as the sole criteria for determining the usability of tropical freshwaters. Bifidobacteria show promise as an indicator of recent fecal contamination in terms of lack of survival in situ and specificity as a human fecal indicator. Unfortunately, the currently available medium for enumeration (YN-6) is hampered by a lack of specificity and insufficient resolution when background bacterial densities are high. Considering the importance of fecal contamination of freshwater in the dissemination of diseases to humans in tropical areas, we must continue to search for better methods and indicators that work over a range of different tropical environments.
